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Abstract.—The locomotion, feeding, excretion, and oviposition of a member of the
copepod family Misophriidae were observed based on a live specimen collected from
a sandy bottom at a depth of 52 m off Nagannu Island, Okinawa, Japan. This species
1s related to Arcticomisophria Martinez Arbizu and Seifried, 1996 in the armature
of leg 1, but the fifth leg is much more reduced. The combination of morphological
characters strongly suggests that it represents an undescribed genus. The maxillipeds
played a major role in attaching to the bottom and in crawling, while the antennae
and mandibular palps were involved in slow swimming along the bottom. It fed on
small-sized cultured phytoplankters, and excreted numerous fecal pellets. The female
carried 4-5 eggs of 0.09 mm diameter that were loosely attached to the urosome. Nearly
complete nuclear 18S and 28S rRNA gene sequences and a partial mitochondrial cy-
tochrome ¢ oxidase subunit 1 (CO1) gene sequence were obtained and are made avail-
able for future phylogenetic and systematic work.

The order Misophrioida is a compact podoplean order of the subclass Copepoda, and
consists of three families accommodating 17 genera and 36 species (Walter and Boxshall
2017). The group exhibits numerous plesiomorphies in appendages, segmentation, and
armature (Huys and Boxshall 1991; Boxshall and Halsey 2004). Misophrioids are ex-
clusively distributed in deep/shallow hyperbenthic layers, the deep-sea, and anchialine
caves, as free-living forms (Boxshall 1983; Boxshall and Iliffe 1986, 1987; Ohtsuka et al.
1992; Boxshall and Jaume 2000; Boxshall and Halsey 2004; Boxshall et al. 2014). Gur-
ney (1933) established the order based on the body plan of adults and the peculiarly ab-
breviated life cycle, although Sars (1911) had formerly classified it as an aberrant family
of another podoplean order, the Harpacticoida. Subsequently, Huys and Boxshall (1991)
clearly recognized the Misophrioda as a robust taxon, although it is difficult to define by
synapomorphies.

The biology and ecology of the Misophriocida have been poorly understood, mainly be-
cause of the difficulty of collection from their habitats, and their relatively low abundance

* Corresponding author: ohtsuka@hiroshima-u.ac.jp

127



128 SOUTHERN CALIFORNIA ACADEMY OF SCIENCES

in comparison with planktonic taxa such as the Calanoida and Cyclopoida. The only
exception is the bathypelagic genus Benthomisophria Sars, 1909, in which the internal
anatomy, post-naupliar deveiopment, specialized feeding organs, and feeding were well
studied using deep-sea plankton samples (<4,000 m deep) (Boxshall and Roe 1980;
Boxshall 1982, 1984). Sars (1911) observed the swimming behavior and the presence of an
“ovisac” in the shallow-water hyperbenthic Misophria pallida Boeck, 1864. Gurney (1933)
briefly described the naupliar and first copepodid stages of the species, and also confirmed
the oviposition. The biological and ecological aspects of cavernicolous taxa remain un-
known.

During our surveys on hyperbenthic copepods in subtropical regions of Japan, we
found a live specimen of an undescribed misophrioid copepod (family Misophriidae) in a
dredge sample collected from off Okinawa, southwestern Japan. The locomotion, feeding,
excretion, and oviposition of the misophrioid were observed and are reported herein. In ad-
dition, we have succeeded in extracting and sequencing DNA of this misophrioid (Fig. 1),
and the sequences were registered in the International Nucleotide Sequence Database
Collaboration (INSDC) to be available for future phylogenetic and systematic work.

Materials and Methods

The live specimen of the undescribed taxon of the family Misophriidae (Fig. 1A) was col-
lected from a depth of 52 m on sandy bottom off Nagannu Island, Okinawa (26°14.339'N,
127°32.280'E) during daytime (local time 13:52-14:17) on May 21, 2016. Sediment collec-
tions were carried out with a dredge (mouth 50 cm wide x 15 cm high; mesh size 5 mm)
towed along the bottom twice by Hiroshima University’s Training Research Vessel (TRV)
Toyoshio-maru. Sediments were stirred up in sea-water, and the supernatant was filtered
through a plankton net (mesh size 0.1 mm). The obtained specimen was kept in a lidded
Tupperware container (200 mL) full of filtered sea-water at room temperature onboard and
at ca. 20°C in the laboratory. It was adequately fed three species of cultured phytoplank-
ters daily: diatom Chaetoceros calcitrans (Paulsen) Takano, 1968 (approximate cell size
6.8 wm x 4.8 wm); prasinophyte Terraselmis tetrathele (West) Butcher, 1959 (14.8 pm x
9.2 wm); and eustigmatophyte Nannochloropsis oculata (Droop) Hibberd, 1981 (3.0 pm).
Filtered sea-water was changed daily. Fecal pellets produced by the female were collected
from the bottom of the Tupperware container with a fine pipette, fixed in 10% neutralized
formalin-seawater, and measured.

The behavior of the live specimen was observed in a Costar cell plate and documented
with a Sony Handycam HDR-CX550 video camera attached to an Olympus SZ-X7 dis-
secting microscope. The body and fecal pellets were measured with an Olympus DP-20
CCD camera attached to the same dissecting microscope. The misophrioid became mori-
bund on June 6, 2016 (laboratory survival = 17 days), and was then fixed in 99.5% ethanol
for genetic analysis.

After treatment for the genetic analysis described below, the specimen (exoskeleton only)
was dissected and examined in lactophenol with a Nikon Optiphoto differential interfer-
ence microscope. The urosome and appendages were mounted on two glass slides for mor-
phological observation. The dissected specimen is deposited in the Kitakyushu Museum
of Natural History and Human History, Japan (KMNH IvR 500959). Terminology used
in descriptions follows Huys and Boxshall (1991).

Total DNA was extracted from the 99.5% ethanol preserved specimen using the DNeasy
Blood and Tissue Kit (Qiagen, USA) following the manufacture’s protocol with minor
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Fig. 1. Photographs of the ovigerous female of an undescribed genus of Misophriidae. (A) Habitus,
dorsal view (e: egg mass, f: fecal pellet, g: gut full of cultured microalgae); (B) Fecal pellet fixed in 10%
neutralized formalin-seawater; (C) Rostrum (r) and labrum (1), lateral view; (D) Leg 5, ventral view. Scale
bars = 0.2 mm (A); 0.05 mm (B); 0.02 mm (C, D).
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changes (elution volume = 100 1). The whole body of the single specimen was put in als
ml microtube and protein was digested by a Proteinase K solution for 10 h at 56°C. After
the protein digestion step, the chitinous exoskeleton was retrieved from the microtube and
mounted as a morphological voucher specimen. Nearly complete sequences of nuclear
18S rRNA (18S) and 28S rRNA (28S) and mitochondrial cytochrome ¢ oxidase subunit
1 (CO1) genes were PCR amplified. Primer sets for the PCR and Cycle sequencing (CS)
reactions used in this study are shown in Table 1. The PCR reactions were performed using
a T100 Thermal Cycler (Bio-Rad). The reaction solutions consisted of a 25 ul solution
containing 0.5 ul KOD FX Neo (Toyobo, Japan), 12.5 il of 2X PCR buffer for KOD FX
Neo, 5 ul of ANTP mix, 1 pl of each primer (5 pmol), template DNA (2 pl for i8S and 1 pl
for 28S and CO1), and 3 or 4 1 of sterilized distilled water. The PCR conditions consisied
of an initial denaturation step at 95°C for 2 min, followed by 40 cycles of denaturation at
98°C for 10 s, annealing at 52°C (18S), 50°C (28S), or 45°C (CO1) for 30 s, extension at
68°C for 1 min 30 s (18S), 2 min (28S), or 1 min (CO1), and a final extension at 68°C for 5
min. The quantity and length of the PCR products were checked by 1% Agarose S (Nippon
Gene, Japan) gel electrophoresis and stained with ethidium bromide. The products were
purified for sequencing using a FastGene Gel/PCR Extraction Kit (Nippon Gene, Japan),
according to the manufacture’s protocol. Sequencing was performed by the Macrogen
Japan Corp. (Tokyo) with the primer sets shown in Table 1. A homology search was
performed by BLAST (Altschul et al. 1990, 1997) with blast program from the National
Center for Biotechnology Information (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Results

Adult female. Body (Figs. 1A, 2A) cyclopiform, 0.52 mm in length, 0.23 mm in maxi-
mum width. Prosome (Figs. 1A, 2A) oval, about 1.5 times longer than wide, ca. 1.4 times as
long as urosome; pediger 1 totally covered by carapace-like extension; pediger 4 posteriorly
produced into paired lamellar expansions (Fig. 2B). Urosome (Fig. 2B) comprising pediger
5, genital double-somite, three free abdominal somites, and caudal rami; pediger S acutely
produced posterolaterally; genital somite incompletely fused to first abdominal somite with
suture clearly visible; gonopore covered by plate-like leg 6 with outer seta, small terminal
spine, and minute subterminal prominence; copulatory pores paired, located at posterior
one-third length; anal operculum weakly developed, fringed with spinular row dorsally.

Rostrum (Figs. 1C, 2A) forming triangular process, directed posteroventrally. Labrum
(Figs. 1C, 2A) swollen ventrally. Antennule stretched out anterolaterally when alive
(Fig. 1A) (terminal segments lost during DNA extraction). Antenna (Fig. 2C) consist-
ing of coxa, basis, 3-segmented endopod, and 6-segmented exopod; coxa unarmed; basis
with 2 setae distally; first endopod segment having 1 subterminal seta, second segment
with 2 minute mid-lateral and 2 terminal setae, third segment with 6 setae distally; setal
formula of exopod 0, 2, 1, 1, 1, 3 (based on suture lines on posterior surface). Mandible
gnathobase (Fig. 2D) stout, bearing 8 teeth and 2 setae, with ventralmost tooth serrated
terminally; palp (Fig. 2E) consisting of basis with 1 minute seta subdistally and patches of
minute spinules; exopod incompletely 4-segmented, with setal formula 1, 1, 2, 2; endopod
2-segmented, with setal formula 2, 6. Maxilla (Fig. 2F) with praecoxal and coxal endites
having 7, 3 and 3, 3 setae, respectively; basis fused to first endopod segment to form al-
lobasis, with heavily chitinized process plus 3 setae; free endopod 3-segmented, with setal
formula 2, 2, 4. Maxilliped basis (not figured) with 3 setae; endopod S-segmented, with
setal formula 2, 2, 2, 2, 4 (3 large + 1 small).
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Fig. 2. Ovigerous female of an undescribed genus of Misophriidae. (A) Habitus, lateral view; (B) Pro-
somal end and urosome, ventral view; (C) Antenna; (D) Mandibular gnathobase; (E) Mandibular palp; (F)
Maxilla; (G) Leg 1; (H) Leg 2; (I) Leg 3; (J) Leg 4.
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Many segments of legs 1-4 lost during treatment for DNA extraction, but some diag-
nostic features confirmed. Leg 1 (Fig. 2G) with spiniform element on each side of basis;
left endopod 3-segmented with single seta present on inner margin of second endopodal
segment. Leg 2 (Fig. 2H) with middle spinular row on intercoxal sclerite; inner proximal
margin of basis with tiny, acutely-pointed process; exopod 3-segmented, with setal formula
I-1; I-1; IIL,14. Leg 3 (Fig. 2I) intercoxal sclerite with middle spinular row and 2 tiny,
acutely-pointed processes on distal margin; endopod 3-segmented, with setal formula 0-1;
0-2; 1,2,3; outer distal corners of first and second endopodal segments each sharply pro-
duced into 2 processes. Leg 4 (Fig. 2J) with narrow intercoxal sclerite having 3 pairs of
small acute processes distally.

Leg 5 (Figs. 1D, 2B) uniramous, symmetrical; protopod with single seta at outer dis-
tal corner; exopod 2-segmented, with first segment bearing long outer seta reaching be-
yond terminal seta on succeeding segment, and second segment having fine seta and spine
distally (corresponding to elements “e” and “f”, respectively, sensu Boxshall and Jaume
(2000)) and triangular process on outer distal corner.

Two types of locomotory behavior were observed: (1) crawling over the bottom with
frequent intermittent stops, and (2) free-swimming in a continuous and smooth man-
ner across the water column. In the first locomotory type, the antennae and mandibular
palps beat rapidly and legs 1-4 were held in an anteriorly-directed position as the cope-
pod moved slowly along the bottom with the ventral side of the body down. The afore-
mentioned head appendages ceased movement during intermittent stops. The maxillipeds
did not firmly grasp the bottom during this behavior. This was confirmed by the obser-
vation that when it started climbing the vertical wall of a cell, it sometimes slowly fell
without maxillipedal grasping, indicating a weak attachment. However, successful vertical
climbs were also observed. Mean speed determined between two successive stops was 2.91
= 0.71 (SD) mm per second (N == 17). Free swimming in the water column typically com-
menced suddenly, after a period of crawling along the bottom. After a short period of free
swimming in the water column, the female returned to the bottom and resumed crawling
motions.

The misophrioid copepod frequently remained stationary, clinging to the bottom using
the maxillipeds and first legs. Attachment seemed to be mainly secured using the tips of
the maxillipedal setae, although the anterodistal surface of leg 1 also touched the surface
of the bottom supporting the copepod in position. While stationary, the antennules, an-
tennae and mandibular palps were stretched out laterally, and were not involved in attach-
ment. The body was flexed slightly ventrally at the prosome/urosome articulation. In this
position, feeding seemed to take place, with the antennae and mandibular palps rapidly
beating.

Feeding of the misophrioid copepod on cultured phytoplankters was indirectly con-
firmed by the excretion of numerous fecal pellets (Fig. 1B) and by its survival for 17 days in
the laboratory. The fecal pellets were elongate, oval, 112.6-154.2 pm long and 32.7-38.7 pm
wide (average = standard deviation = 134.1 & 15.8 um, 34.8 £ 1.9 pm, N = 10). Pellet
contents were tinged brownish green, indicating that the copepod had fed on the cultured
phytoplankters. The approximate volume of fecal pellets produced was 8.5 x 10* um?,
assuming they were uniformly oval in shape.

Oviposition took place twice during incubation. On the fifth day after collection, the
first oviposition event was observed. The female produced 5 eggs carried on the urosome
(Fig. 1A). The eggs seemed to be loosely attached to the copepod body, and were not
enveloped by a sac-like structure, as seen in some calanoids (see Boxshall and Jaume 2000).
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The eggs were ca. 0.09 mm in diameter (Fig. 1A). Two days later all the eggs were detached
from the copepod. Hatching of the detached eggs was not confirmed, because they were
lost during treatment. On the 10th day of incubation, the second oviposition event was
recorded. The female produced 4 eggs. All the eggs had detached from the copepod two
days after oviposition. Hatching was unsuccessful.

Three nucleotide sequences were obtained: 28S (Accession no. LC320121, 3496
bp); 18S (Accession no. LC320120, 1718 bp); and CO1 (Accession no. LC320122,
658 bp).

Discussion

The present specimen is assigned to an undescribed genus of the family Misophriidae
based on the following features: (1) the carapace-like extension covering the first pedi-
gerous somite; (2) the reduction in segmentation (6-segmented) and setation (0, 2, 1, 1,
1, 3) of the antennary exopod; and (3) the absence of an intercoxal sclerite on the fifth
legs (see Boxshall and Jaume 2000). A close relationship between this species and the
genus Arcticomisophria Martinez Arbizu and Seifried, 1996 is suggested by the presence
of: (1) a spiniform outer element on the basis of leg 1; (2) a single inner seta on the
second endopod segment of leg 1 (see Jaume and Boxshall 1997; Martinez Arbizu and
Jaume 1999). Arcticomisophria comprises two species, A. bathylaptevensis Martinez Ax-
bizu and Seifried, 1996 and A. hispida Jaume and Boxshall, 1997 which share the above-
mentioned diagnostic features. However, leg 5 has more plesiomorphic segmentation and
setation in Arcticomisophria than in the present misophriid specimen. Among genera of the
Misophriidae, Arcticomisophria exhibits the most primitive state of leg S (ANCESTOR in
Fig. 3). The fifth leg of the present undescribed genus is much more reduced than that of
Areticomisophria in both segmentation and setation (Fig. 3), and resembles to some extent
those of species of other misophriid genera such as, Misophria Boeck, 1865, Misophriella
Boxshall, 1983, Misophriopsis Boxshall, 1983 and Stygomisophria Ohtsuka, Huys, Boxshall
and It6, 1992, based on either one of these two characters: (1) no separation is present
between the coxa and basis, resulting in an undivided protopod; or (2) the endopod is ab-
sent. Loss of the subdivision of the protopod seems to have occurred convergently in the
Misophriidae. The present female specimen shares some apomorphic character states with
some of these genera, but we consider that its formal taxonomic classification should be
postponed pending the description of all the appendages from newly collected specimens
of both sexes.

The locomotory behavior of a misophrioid copepod had been only briefly observed be-
fore, in a shallow-water hyperbenthic species Misophria pallida by Sars (1911). It was char-
acterized by a combination of rapid rotation of the antennae and oral appendages (possi-
bly the mandibular palps) and powerful strokes of the legs and urosome along the bottom
(Sars 1911). In the misophrioid examined in the present study, a similar motion pattern
was observed, but power strokes of the legs were not observed during the slow swimming
behavior along the bottom.

The crawling behavior of the present specimen using the maxillipeds is similar to that re-
ported for the siphonostomatoid Aphotopontius mammillarus Humes, 1987 (Heptner and
Ivanenko 2002), although the latter lacks oral appendages for swimming. In A. mammil-
latus, Heptner and Ivanenko (2002) distinguished between crawling and walking by dif-
ferences in the position of the maxillipeds. In the present misophrioid, only crawling was
observed.
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Fig. 3. Schematic illustrations showing segmentation and setation patterns of leg 5 of the adult female
of some representatives of the family Misophriidae. Hypothetical ancestor based on Areticomisophria hisp-
ida described by Jaume and Boxshall (1997), but elements e and f missing in their original description. Ar-
rows indicate possible derivations of segmentation and setation {modified from Huys and Boxshall (1991)).
Elements a, b, e, f, h, k, C, and D as identified by Boxshall and Jaume (2000).

The feeding habits of the deep-sea genus Benthomisophria were well studied by Boxshall
and Roe (1980). Copepodids and adults of Benthomisophria palliata Sars, 1909 gorged
on zooplankters such as small copepods, chaetognaths, cnidarians, and radiolarians, at
depths of 2,500 m to 4,000 m (Boxshall and Roe 1980). Their prosomes occasionally be-
came grossly expanded due to the volume of gut contents, suggesting an opportunistic
feeding strategy of the copeped in the nutritionally poor deep ocean (Boxshall and Roe
1980). The gut content analysis of Misophriella schminkei Martinez Arbizu and Jaume,
1999 collected from hyperbenthic waters in Antarctica revealed that it may be a predator
or a scavenger, feeding on cyclopoid copepods (Martinez Arbizu and Jaume 1999).

In contrast, the misophrioid examined in the present study survived only on cultured
phytoplankters. The size of the phytoplankters was more than 3 pm, implying that the
misophrioid employs suspension feeding, as observed in small particle-feeding calanoids
(e.g., Paffenhofer et al. 1982). The volume of fecal pellets produced by the adult female
feeding on small cultured phytoplankters was ca. 8.5 x 10* wm?, which is larger than
those of Oithona spp. (of nearly equal prosome length), but within the range exhibited by
small calanoids such as Paracalanus Boeck, 1865 and Pseudocaianus Boeck, 1872 (Uye
and Kaname 1994; Mauchline 1998). This might not be the only feeding mode of the
misophrioid since the heavily chitinized claw present on the maxillary basis (Fig. 2F) sug-
gests “chopsticks mode” carnivory (Boxshall 1985) could occur as well.

Gurney’s (1933) brief observations on the oviposition and developmental stages of M.
pallida were of pivotal importance in understanding the biology of miscphricids. Adult
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females of M. paliida carry two to four eggs loosely attached to the genital double-somite
(Sars 1911; Gurney 1933). The female of the undescribed misophrioid also carried four to
five eggs on its genital double-somite. Retention of eggs by adult females is quite frequent
among podoplean copepods (Huys and Boxshall 1991). The unique characteristic of these
misophrioids is the low number of relatively large-sized eggs in each clutch. Egg size has
never been reported for misophrioids, but can be measured at about 0.09 mm in diameter
based on an illustration of M. pallida by Sars (1911, Plate I). In the present specimen, the
egg diameter was very similar to that of M. pallida. The interval between two consecutive
clutches was four days in the present study, at around 20°C. All eggs were detached from
the adult soon after oviposition, but it is uncertain whether this is normal in the wild.

The hatching naupliar stage was briefly illustrated by Gurney (1933). It was non-feeding,
lacking masticatory blades on the mandible (Gurney 1933). The naupliar stage metamor-
phosed directly into the first copepodid stage, indicating a considerably abbreviated life
cycle for this misophrioid (Gurney 1933). Such a naupliar abbreviation is commonly seen
in siphonostomatoid copepods such the Caligidae and Nicothidae, in which zero to two
naupliar stages were found (Ohtsuka et al. 2005, 2007, 2009; Venmathi Maran et al. 2013;
Otake et al. 2016). The number of copepodid stages was the typical six in B. palliata
(Boxshall and Roe 1980).
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